Mixing patterns in agitated vessels equipped with various types of helical ribbon impellers are observed by using capsules of liquid crystal as a tracer. As a result, the optimumgeometrical variables for the mixing process are provided and the results explained by considering the relation between the mixing pattern and impeller geometry. A mathematical model is developed and applied in order to correlate the measure mixing times.
Introduction
A helical ribbon impeller is one of the most common types of close-clearance impellers used for the mixing of highly viscous liquids. In a helical ribbon agitator, mixing proceeds mainly in the clearance between blades and wall where the liquid is subjected to very high shearing, but the overall mixing appears to be controlled by the flow pattern which permits the renewal of the liquid in the clearance and distributes the liquid flowing out of the clearance region to the low-shear region of the vessel. The flow pattern may be easily affected by small changes of impeller geometrical variables. Several investigators2'ls>14) have reported the effects of geometrical variables on mixing time, but the relation between mixing pattern and geometrical variables has not been thoroughly established because conventional methods for the observation of mixing patterns are not suitable for the detection of a poorly mixed zone. the mixing time has been correlated with geometrical and operational variables.
Experimental
In the literature, the coloration method4'5'1M4) and the decoloration method2'6jl4'17) are commonly used for observation of mixing patterns. However, these methods are unsuitable for observation of a threedimensional mixing process in an agitated vessel, because of the overlap of the colored liquids in the vessel.
In this work, mixing patterns were observed by the method using a tracer liquid containing small capsules of liquid crystal described in a previous work for the visualization of temperature distributions in an agitated vessel9\
This method solves the overlap problem because only the liquid crystal capsules in the lighted zone can be observed. This method is here called the liquid crystal method. An aqueous solution of corn syrup having a viscosity of about 10 poise and density of 1.37g/cc was used as a test liquid. Corn syrup of the same viscosity and density as the test liquid containing capsules of liquid crystal was used as a tracer liquid. The experimental apparatus shown in Fig. 1 is the same as in the previous paper9). The geometrical configuration of the helical ribbon impeller is shown in Fig. 2 and details of impeller geometries are summarized in Table 1 . The vessel was a transparent glass cylinder with a flat bottom and a flat lid. The impeller blades were made of transparent acrylic resin so that observation of the mixing pattern might not be impaired. The agitated vessel was filled with the test liquid.
Asmall amount of tracer liquid was put into the top of the vessel near the shaft. The mixing of tracer with mother liquid was visualized in the vertical plane [-] illuminated by a plane light beam and recorded photographically. Photographic conditions were as in previous paper9'. The direction ofimpeller rotation was fixed so as to create an upward flow at the blade. Mixing time was defined as the time required until the detection of flow lines of tracer liquid ceased to be observable to the naked eye. Figure 3 shows a cross-section view of the primary circulation flow in the illuminated vertical plane.
Effects of Impeller Geometries on Mixing Patterns
Figures 4 and 6 to 8 show photographs of mixing Fig. 3 . The tracer in this region, however, can permeate only gradually into the inner circulation flow situated in the region inside the inner edge of the blade, denoted by B in Fig. 3 , and the exchange flow between regions A and B is commonlyobserved to be a controlling step in the mixing process. The effect of each geometrical variable of a helical ribbon impeller on mixing time is discussed in detail in the following sections. Figure 4 shows the mixing patterns in agitators with different clearances between blades and wall.
1 Effect of clearance between blades and vessel wall
It can be seen from the photographs at Nr=42 that the agitator with medium-clearance impeller is superior to the others for mixing. With the impeller of narrowest clearance, an unmixed zone can still be observed in region B. On the other hand, with the impeller of widest clearance, stagnant zones are detected at both top and bottom corners in region A. These phenomena may be explained by the difference in the effect of secondary flow on primary flow. As shown in Fig. 5 , the same kind of secondary flow as observed by Peters and Smith in an anchor agitator18)19), must also be created in a helical ribbon agitator, due to the change of centrifugal force in the axial direction. This secondary flow will deform the primary flow to enhance the exchange flow between 
2 Effect of impeller pitch
Photographs of mixing patterns in agitators of different pitches are shown in Fig. 6 . As shown in the photographs at Nr=A2, mixing time for the impeller of s/D=0.90 is shortest. The photographs at Nr=9show that the axial velocity becomes greater as the s/D ratio increases in this experimental range, as expected from the circulation flow models proposed by Bourne and Butler1}, and Carreau et al.2) . The photographs at Nr= l4 show that the deformation of the tracer liquid at the clearance for small s/D is greater than that for large s/D. Namely, the shear rate, which affects the mixing in the clearance, becomes smaller and the circulation flow rate, which permits the renewal of the liquid in the clearance, greater with an increase of s/D in this experimental range. These two mutually competing effects on mixing lead to an optimum in pitch size.
3 Effect of blade width
Photographs of mixing patterns in agitators of different blade width are shown in Fig. 7 . The photographs at Nr=42 show that the impeller of medium blade width is superior to the others. As shown in the photographs at Nr=9, the circulation flow becomes stronger as the blade widens. But if blade width exceeds a certain limit, the circulation flow rate decreases because the area of the upward flow becomes too great compared with that of the downward flow. Then the circulation flow rate, ance, has a maximum value at a certain w/D. 2. 4 Effect of number of blades As shown in Fig. 8 (1) in the laminar flow region2'5-7'n'13'14).
where C± is a geometrical constant. Mixing times measured by the liquid crystal method for 14 different impellers are summarized in Table 2 .
The relation between d and each of three geomet- Table 2 .
2) Circulation flow rate In this work, the time required for the tracer liquid to complete one circuit, tu was measured. Since t± is approximately proportional to the average circulation time, the circulation flow rate is represented by: Qi= Vlh (4) where V is the total liquid volume in a vessel. The values of circulation number, Qi/(Nd3), are summarized in Table 2 .
To correlate the circulation flow rate, a velocity profile model was proposed. In the vessel, the pumping action of the blade creates a drag flow as shown in Fig. 12(a) . This flow is restricted at the top and bottom walls of the vessel and an axial pressure gradient builds up. The effect of this gradient is introduced as a pressure flow, as shown in Fig. 12(b) . The volume rate of these two flows should be the same while the direction of the two flows are opposite. The resultant of these two flows is observed. In this paper, the velocity profile of the drag flow is designated vZd, and that of the pressure flow vzp. Thus, the velocity profile of the resultant flow, vz, shown in Fig. 12(c) is expressed as follows:
The circulation flow rate, Qz, is given in the form Qz= \w 2nrvtdr (6) J*rw where rw is the radius of the vessel and lrw is the radial position where the sign of vz changes from negative to positive, as seen in Fig. 12(c) .
The velocity profile of the drag flow was defined as follows. By a modification to Bourne's model1\ the velocity profile is given as a function of the radial position, r, at the blade (rbi^r^rho).
In the regions between shaft and inner edge of blade (rs^r<rbi), and between outer edge of blade and wall (rbo<r^rw), the velocity profile is obtained by assuming that these drag flows are flows through an annulus, where one cylinder is moving with the axial velocity of liquid at the blade, and the other cylinder is stationary. VOL. 15 NO. 3 
The calculated values from Eq. (8) are summarized in Table 2 . The comparison between Eq. (8) and the experimental data is shown in Fig. 13. 3) Exchange flow rate As mentioned in section 2. 1, it is found that the exchange flow between regions A and B is determined by the combined effect of the primary and secondary flows. The primary flow rate is nearly equal to the circulation flow rate. Since the volume rate of secondary flow cannot be measured, it must be estimated, even approximately, according to a mathematical model.
In this paper, the secondary flow rate is calculated assuming that a helical ribbon impeller is a vertical cylinder, whose axis is the same as that of the agitated vessel. The outer cylinder of this imaginary agitator has the same diameter as that of the actual vessel.
The diameter of the inner cylinder is given by assuming that the shear rate at the surface of the inner cylinder is equal to the average shear rate in the clearance between blades and wall, as given by Chavan and Ulbrecht3), and the area of the inner cylinder is supposed to be the same as that of one side of the blade surface.
The pressure difference between the two cylinder surfaces is given by Eq. (ll), when the inner one is rotating with an angular velocity, Qi9 and the outer one is stationary. 
The volume rate of the exchange flow should have a maximumvalue when the ratio of Qt and Q2 has a certain value. As a first approximation, we defined this exchange flow rate as a quadratic equation: QeKNd^aiQz/Qi-pf+r (14) 3. 2 Correlation of mixing time Equation (2) The calculated values of Ntmare summarized in Oldshue: AIChE J., 16, 903 (1970) . 5) Gray, J. B.: Chem. Eng. Progr., 59, 55 (1963) . 6) Hoogendoorn, C. J. and A.P. den Hartog: Chem. Eng. Set, 22, 1689 Set, 22, (1967 
